Farha and colleagues have developed a strategy for expanding the pore apertures of csq-net Zr-based MOFs to obtain an isoreticular series of MOF structures with pore apertures ranging from 3.3 to 6.7 nm. Enzymes immobilized in the MOF are accessible to coenzymes and show higher activity than that of the free enzymes. 
INTRODUCTION
Cell-free synthetic biology is an emerging field of biotechnology that explores converting substrates into products by using a cascade of reactions based on a mixture of enzymes and coenzymes without the use of living cells. It represents a cuttingedge approach to expanding the capabilities of natural biological systems. [1] [2] [3] Compared with a closed-cell environment, the reactions in cell-free systems are open, simpler, designable, and controllable. Thus, this approach has led to the rapid development of various cell-free enzyme systems that have been used to produce biofuels and biochemicals. 4 One significant obstacle to large-scale industrial production of a cell-free enzymatic system, however, is the high production costs of enzymes and coenzymes due to some inherent drawbacks, such as high separation and isolation costs, intolerance to toxic products, and poor thermal and long-term stabilities. Part of these stability challenges have been overcome by recent scientific breakthroughs in genomics, directed enzyme evolution, and exploitation of biodiversity. 5 However, efficient immobilization strategies based on biocompatible carriers are needed to realize the assembly of enzymes and regeneration of coenzymes. 6 For the industrialization of enzymes as chemical catalysts, enzyme immobilization technologies have been studied for more than half a century. 7 These technologies focus on shielding enzymes from deactivating conditions, in addition to providing enzyme recyclability. A variety of techniques have been developed for
The Bigger Picture
Cell-free synthetic biology is an emerging field of biotechnology that is expanding the capabilities of natural biological systems, as demonstrated by the rapid development of various systems for biofuel and biochemical production. To achieve largescale industrial production of cellfree enzymatic systems, efficient immobilization strategies are needed to overcome challenges such as high production costs of enzymes and coenzymes. Here, we create a series of ideal enzyme carriers based on metal-organic frameworks (MOFs) with interconnected hierarchical mesoporous channels. These MOF enzyme carriers show water stability, high enzyme-loading capacity, and coenzyme accessibility and demonstrate the use of the captured protein in a cell-free biosynthetic catalytic system. This work provides a strategy for constructing novel immobilized cell-free enzymatic systems for industrially relevant applications.
enzyme immobilization, including physical adsorption, covalent binding to support structures, and the development of cross-linked enzyme aggregates. 8 Nevertheless, high enzymatic efficiency is typically difficult to achieve in traditional immobilized enzymes systems 9, 10 outside cells because of the lack of optimal spatial control of enzyme localization, substrate and product diffusion, and the enzymes' storage and accessibility.
Metal-organic frameworks (MOFs) are a class of highly crystalline porous materials with well-established applications, including small-molecule recognition, 11 gas storage and separation, 12 catalysis, 13 and chemical sensing. 14 Recently, water-stable mesoporous MOFs 15 have shown higher loading capacities and stronger interactions with guest enzymes (leading to less leaching) in comparison with other porous materials. [16] [17] [18] [19] The enzymes in these mesoporous MOFs can maintain activity in harsh conditions, such as in organic solvents and at increased temperatures.
20,21
More importantly, diverse topological structures with atomic level precision and a uniform physicochemical environment within the MOF matrix make them highly amenable platforms to anchor various natural protein-based catalysts differing in size, shape, anchoring groups, and local surface charges.
Two different strategies have been developed for enzyme immobilization inside MOFs: (1) a de novo method, 22-24 which requires ambient conditions that favor MOF formation while preserving the integrity of the enzyme, thus limiting the number of microporous MOF-enzyme combinations that are suitable for use with this method; and (2) a post-synthetic immobilization strategy, 20,25-27 which adds the enzyme to a preformed framework [28] [29] [30] in which the targeted enzymes can diffuse through the large apertures of pre-synthesized MOFs to be encapsulated in the pores. Nevertheless, it remains a long-standing challenge to establish a cell-free immobilized enzyme system in which MOFs act as bioreactors to mimic numerous natural metabolic processes. The key to achieving a complicated biochemical transformation in well-defined nanopores inside MOFs is allowing both the substrate and coenzymes to diffuse and interact with the immobilized enzymes. We envisioned using an isoreticular series 25 of MOFs with an interconnected hierarchical channel system, where the pore size and apertures can be tuned. Within the hierarchical structure, the large channels are used to immobilize enzymes, whereas the small ones and between-channel cavities are available for substrates and coenzymes to diffuse through the MOF crystal (Figures 1 and S1 ). Expanding the size of the channels and bridging windows can facilitate the diffusion of substrates and coenzymes, maximize enzyme accessibility, and keep sufficient free space for enzyme and coenzyme recognition after enzyme immobilization.
Here, we report the rational design of a family of isoreticular hierarchical mesoporous MOFs as a testing platform for immobilizing cell-free biosystems. As a proof of concept, we encapsulated the enzyme, lactate dehydrogenase (LDH), and demonstrated that coenzyme-mediated biocatalysis can proceed effectively when the pore size reaches an appropriate range. Moreover, the immobilized enzymes in the MOFs show a higher cascade reaction activity than the non-immobilized enzymes.
RESULTS AND DISCUSSION

Synthesis and Characterization of Isoreticular csq-net MOFs
In a previous investigation published in an earlier issue of Chem, we reported 21 the csq-net Zr-based MOF NU-1000, which shows superior enzyme accessibility over that of other existing channel-type MOFs. 31,32 Its hierarchical pore structure-namely, large hexagonal and small triangular channels interconnected through open windows (Figures 2A-2C )-is key to achieving high enzyme accessibility. Previous attempts to extend the pore and aperture size of csq-net Zr-MOFs by using isoreticular chemistry and simply lengthening the linker through addition of phenylene spacers resulted 33,34 in isomorphic Zr-MOFs with ftw topology. Four csq-net zirconium MOFs (NU-1000, MOF-545/PCN222, PCN-128, and UMCM-313) have previously been reported, [35] [36] [37] [38] [39] and close examination of their crystal structures revealed that the formation of these two isomeric topologies is determined by the intramolecular torsion angle between the planar ''backbone'' (ligand ''backbones'' include ethylene, pyrene, perylene, and porphyrin) and the ''side arms'' of the tetratopic linkers ( Figures 2D and 2E ). Specifically, if the torsion angle is close to 60 , the csq topology is formed, whereas if the torsion angle is close to 0 , then the ftw topology is formed. Thus, in order to achieve isoreticular expansion of csqnet MOFs, the tetratopic linker must be designed to maintain the 60 torsion angle between the backbone plane and side arm plane ( Figure 2E ). Density functional theory (DFT) calculations indicate that pyrene-aromatic systems tend to form 50 -60 torsion angles around their minimal energy ( Figure S2 ), an observation that prompted us to focus on the design of linkers with pyrene backbones. We utilized three different strategies to design the side arms of candidate linkers, all terminated by benzoic acid moieties (Figures 2E and 2F): (1) using fused aromatic functional groups, such as naphthalene (L2) and fluorene (L3); (2) extending the conjugated systems by using stilbene (L4) and diphenylacetylene (L5); (3) controlling the torsion angle through steric effects in a terphenylene (L6) linker. In these ligands, the torsion angle between the terminal benzoic acid and pyrene backbone plane is favored to maintain ca. $60 to form the csq-net topology.
The solvothermal reaction of zirconyl chloride octahydrate with L3-L6 in dimethylformamide (DMF) in the presence of trifluoroacetic acid (TFA) as a modulator afforded light-yellow rod-like microcrystals ( Figures 3A-3D ) of NU-100x Immobilization of enzymes by infiltration in the large channels of interconnected hierarchical channel systems (blue and purple cylinders represent small and large channels, respectively, bridged by yellow windows). A system with narrow channels and windows (A) shows slow diffusion rates of substrate (black) and coenzymes (pink) and limited space for enzyme (orange)-coenzyme (pink) recognition (B); a system with wide channels and windows (C) shows fast diffusion rates of substrate (black) and coenzymes (pink) and sufficient space for enzyme (orange)-coenzyme (pink) recognition (D).
Chem 4, 1-13, May 10, 2018 3 (x = 4, 5, 6, 7). Previously, we developed a method for obtaining crystal structures from powder X-ray diffraction (PXRD) data of NU-1003 (constructed from L2) by combining in silico construction of MOF structures and simulations of their PXRD patterns along with classic force-field structural optimization. 40 By using the well-defined Zr 6 (m 3 -O) 4 (m 3 -OH) 4 (OH) 4 (H 2 O) 4 (Zr 6 -cluster) node and tetracarboxylate linkers, in accordance with experimental PXRD patterns for NU-100x (x = 4, 5, 6, 7), we identified the simulated structures with csq topology computationally by using the ToBaCCo code 41 (Figures 3E-3H, S3, and Table S1 ). After activation, using supercritical drying (SCD) with CO 2 , 42 we measured the Ar isotherms of NU-100x (x = 4, 5, 6, 7) at 87 K ( Figures 3I-3L ). The total uptake of Ar (from 1,400 to 1,800 cm 3 /g) and pore volume (from 1.4 to 2.3 cm 3 /g) of NU-100x (x = 4, 5, 6, 7)
showed a systematic increase. The Brunauer-Emmett-Teller (BET) area calculated on the basis of the low partial pressure range (P/P 0 = 0.02-0.12) of the measured Ar isotherm for NU-100x (x = 4, 5, 6, 7) was 2,500, 2,600, 3,100, and 2,700 m 2 /g, respectively. As expected, there are two additional steep increases of Ar adsorption at higher partial pressure ranges. The first step (between P/P 0 = 0.1 and P/P 0 = 0.2) corresponds to the filling of the mesoporous triangular channels, and the second one (between P/P 0 = 0.4 and P/P 0 = 0.7) corresponds to the filling of mesoporous hexagonal channels in NU-100x (x = 4, 5, 6, 7). Three types of pores were identified with pore-size distribution calculations on the basis of a modified two-dimensional, non-local density functional theory (2D-NLDFT) model for cylindrical pores with corrugated or rough walls (see Supplemental Information for details). These pores (corresponding to the hexagonal channels, triangular channels, and windows in between) also showed a systematic increase for NU-100x (x = 4, 5, 6, 7) series ( Figure S4 and Table S2 ). In order to confirm the structure of the NU-100x series, we took transmission electron microscopy (TEM) and scanning transmission electron microscopy , and NU-1000 (8 3 10 Å ). These extended triangular pores and windows in NU-100x (x = 4, 5, 6, 7) can facilitate the diffusive transport of substrates and coenzymes after enzyme immobilization selectively in the hexagonal pores. With the large aperture csq-net MOFs in hand, we tested our hypothesis that enzymes immobilized in the large channels are accessible to both coenzymes and substrates. As a proof of concept, LDH-an oxidoreductase that catalyzes the interconversion of pyruvate and lactate with concomitant interconversion of NADH and NAD + -was selected to be immobilized in each csq MOF. As an enzyme found in nearly all living cells, LDH exists 43 as different forms of tetrameric isozymes, which are composed of two kinds of subunits (M or H) with similar molecular dimensions ($4.4 3 4.4 3 5.6 nm). Therefore, NU-100x (x = 3, 4, 5, 6, 7) and PCN-128 were chosen to immobilize LDH by infiltration because the two short sides of the LDH subunit are close to or smaller in size than the diameter of the hexagonal channels in those MOFs ( Figure 5A ).
Immobilization of LDH in MOFs
The uptake of LDH by different csq-net MOFs was followed via ultraviolet-visible (UV-vis) spectroscopy (Figures 5B-5G), and the loading was confirmed by inductively coupled plasma-optical emission spectroscopic (ICP-OES) measurements of Zr (Zr nodes in the MOF) and S (methionine and cysteine residues in LDH). After the completion of immobilization, the solid samples were centrifuged and then washed with buffer solution for the removal of the LDH adsorbed only on the surface. The PXRD patterns ( Figure S6 ) and SEM images ( Figure S7 ) of different sizes of NU-100x (x = 3, 4, 5, 6, 7) and PCN-128 after LDH immobilization confirmed that bulk crystallinity and morphology were retained. To determine the distribution of LDH in NU-100x (x = 3, 4, 5, 6, 7) and PCN-128 crystals, we used SEM with energy dispersive X-ray (EDX) spectroscopy to assess the distribution of sulfur along single crystals of LDH@MOFs. These measurements confirmed, for the full range of crystallites sizes, that LDH was evenly dispersed ( Figures 5H and 5M ). In addition, the DFT pore-size distribution analysis of LDH@MOFs indicated that LDH was majorly sitting in the hexagonal channels and the triangular channels remained open ( Figure S8 ).
Enzyme Activity and Pore-Size Effect
We first examined the LDH activity immobilized in different MOFs by using a commercial lactate dehydrogenase assay kit. The preliminary results indicated that the activity of LDH@NU-100x (x = 3, 4, 5) and LDH@PCN-128 followed the order NU-1005 > NU-1004 > NU-1003 > PCN-128, an observation that agrees well with our hypothesis that larger pore sizes facilitate the diffusion of substrate and coenzymes and lead to faster kinetic reaction rates ( Figure S9 ). Compared with free LDH under the same conditions, however, LDH@NU-100x (x = 3, 4, 5) showed a much slower initial rate as a result of the diffusion barrier for microsized MOF crystals. Nevertheless, with smaller particles, NU-1005-400 nm, the reaction rate could be increased significantly and became comparable with that of free LDH.
Encouraged by the initial results of LDH activity tests, we continued to build an immobilized cell-free enzyme system for coenzyme regeneration. In cell metabolism, hundreds of separate types of enzymes remove electrons from their substrates and reduce NAD + to NADH, which is then a substrate for any of the reductases in the cell that require electrons to reduce their substrates. 44 Therefore, a representative catalytic system consisting of LDH, diaphorase, and cofactor NAD + or NADH was designed ( Figure 6A ). The first half reaction is converting L-lactate to pyruvate with concomitant oxidation of NADH to NAD + catalyzed by immobilized LDH; the second half reaction is catalyzed by diaphorase to regenerate NADH from NAD + .
To follow the progress of the second cycle, a weakly fluorescent dye resazurin is used as a redox indicator. 45 The blue starting resazurin is reduced to the highly fluorescent pink product as the second half reaction proceeds. In a typical reaction assay, when a small amount of free LDH or LDH@MOFs is added to a mixture containing L-lactate, diaphorase, and resazurin, the intensity of the UV-vis absorption bands of resazurin at 600 nm decreases and the absorption band of resorufin at 570 nm appears with increment intensity. The color of the assay solution was found to change from blue to pink. In order to monitor the conversion of the reaction accurately, we recorded a fluorescence emission band of resorufin with peak maximum at 594 nm ( Figure 6C ) and obtained the linear relationship between the resorufin concentration and emission intensity ( Figure 6D ). On the basis of the designed NAD + or NADH regeneration cycle, the activity of free LDH and immobilized LDH in NU-100x (x = 3, 4, 5, 6, 7) and PCN-128 was tested in bis-tris-propane (BTP, pH 7.2) buffer ( Figure 6E ). The activity of immobilized LDH was in the following order: NU-1007 > NU-1006 >NU-1005 > NU-1004 > NU-1003 > PCN-128. The reaction profile for the first 30 min indicated that the activity of free LDH was much faster than that of LDH@NU-100x (x = 3, 4) and PCN-128, which, in general, is consistent with the results for assay kit tests. On the basis of the dynamic light-scattering measurements, the hydrated lactate and NAD + showed dynamic molecular diameters of about 0.8 and 1.7 nm, respectively ( Figure S10 ). The size of NAD + molecules was noticeably larger than the size of windows in NU-100x (x = 3, 4) and PCN-128 but was smaller than the size of windows and triangular channels in NU-100x (x = 5, 6, 7). Thus, the triangular channels and windows in LDH@NU-100x (x = 3, 4) and PCN-128 limit the diffusion of substrate and coenzymes, restricting the accessibility of LDH immobilized in the hexagonal channels and thus resulting in a slower apparent reaction rate. This result is in agreement with what was recently reported for a microporous Basolite F300-like MOF.
46 Surprisingly, the reaction rate of free LDH was clearly slower than that of LDH@NU-100x (x = 5, 6, 7); the reaction quickly reached saturation, as demonstrated by the depletion of resazurin. The half-life of the reaction was 3.5, 4.5, and 6.5 min for LDH@NU-1005, LDH@NU-1006, and LDH@NU-1007, respectively, whereas the half-life of free LDH was 10 min. The initial rates of LDH@NU-1005, LDH@NU-1006, and LDH@NU-1007 based on the first 5 min of reaction were 34, 27, and 18 mmol/min/mg, respectively; that is, they were faster than that of free LDH (12 mmol/min/mg) ( Figure 6F ). In addition, during the catalytic reaction, enzyme leaching was found to be negligible.
The results show that the size of the triangular channels and bridging windows are crucial for diffusion and accessibility of large coenzymes such as NAD + and NADH.
The expanded size of the channels and windows can overcome the inherent barriers to diffusive permeation of small reactants and coenzymes and leave sufficient room for enzyme-coenzyme recognition in the confined space in MOFs. The finding that LDH@NU-100x (x = 5, 6, 7) and free diaphorase catalyze NAD + and NADH regeneration at a rate 1.5-3 times that of free enzyme may point to a substrate channeling effect when co-immobilizing multiple enzymes for cascade reactions. 47 Specifically, the NAD + produced by the first half reaction can be easily accessible to diaphorase absorbed on the MOF surface, resulting in a faster overall turnover rate than that when both LDH and diaphorase are randomly distributed in solution. Although such a cell-free enzyme system enables us to recycle enzymes, the coenzymes may not be reused during work-up in the product. Going forward, co-immobilization of cofactors and enzymes will be studied in the context of optimizing the chemical process.
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Conclusion A series of isoreticular, water-stable, hierarchical, channel-type Zr-MOFs were constructed from a pre-designed zirconium cluster node and tetracarboxylic acid linkers based on pyrene backbones. These MOFs have the same interconnected hierarchical channel systems but with varying pore, aperture, and window sizes. This series of frameworks provides an ideal platform for the immobilization of a cell-free enzyme system by accommodating desired enzymes in the large channels while keeping sufficient space for substrate and coenzymes to diffuse through small channels and bridging windows and react with the immobilized enzyme collaboratively to realize complicated bioreactions. As a proof of concept, we have established an immobilized cell-free biosystem to realize in situ regeneration of biologically important nicotinamide coenzymes (NAD + and NADH). The activity of the immobilized enzyme was found to be dependent on the open channel size as a result of different diffusion rates of the substrate and coenzymes and accessibility of the immobilized enzymes. The structural diversity of MOFs provides the potential for assembling various inorganic, organic, and biological hybrid cell-free enzymatic systems for industrially relevant applications.
EXPERIMENTAL PROCEDURES
Detailed procedures for the ligand synthesis are reported in the Supplemental Experimental Procedures, and the ligands are characterized by nuclear magnetic resonance spectroscopy in Figures S11-S19.
General Procedure for csq-net MOF Synthesis A stock solution of ZrOCl 2 $8H 2 O (200 mg, 0.62 mmol), TFA (750 mL, 10 mmol), and DMF (50 mL) were added to a 250 mL bottle. The solution was heated at 80 C for 1 hr and then allowed to cool down to room temperature. Ligands (L1-L6, 30-40 mg, 0.03 mmol) in DMF (50 mL) were added to the 250 mL bottle to form a clear solution.
The reaction mixture was placed in an oven at 100 C for 3 hr, during which time a light-yellow suspension was formed.
General Procedure for Immobilization of LDH in MOFs
Supercritical CO 2 activated MOF (1 mg) was added to deionized water (1 mL) and sonicated for 5 min until a uniform suspension was formed. The well-dispersed solid was isolated by centrifugation at 15,000 rpm for 1 min, and the supernatant was decanted. The solid was then suspended in a solution of LDH (100 mL, 27.8 mM) in BTP (pH 7.2) for 3 days at 25 C. UV-vis absorption spectra of the supernatant solution were recorded over 3 days. Thereafter, the LDH@MOF composite was isolated by centrifugation at 15,000 rpm for 1 min, and the supernatant was removed. The solid was washed with BTP buffer five times before further experiments.
General Procedures for Activity Tests of LDH in MOFs
Preliminary activity tests of free and immobilized LDH were performed with a Lactate Dehydrogenase Activity Assay Kit (MAK066, Sigma-Aldrich) according to the provider's instructions. The enzyme solution (10 mL) containing either free LDH (100 nM) or immobilized LDH (100 nM) was added to the substrate solution (990 mL), and the activity was monitored at l = 450 nm in 100 s time intervals over 30 min at 25 C.
General Procedures for the Cascade Reaction for NAD and NADH Regeneration All stock solutions were prepared with 50 mM BTP (pH 7.2) buffer containing 100 mM NaCl. A 50 mL solution containing both substrates L-lactate (1 mM) and resazurin (1 mM) was added to a 100 mL solution containing NAD + (1 mM) and diaphorase (300 nM) in a 96-well microplate. A solution (100 mL) containing LDH (300 nM) was added to the reaction mixture, and the emission intensity was immediately measured at l em = 590 nm (l ex = 544 nm) by a fluorescence plate reader at 25 C. O_3 and O_2 correspond to single-bonded and double-bonded oxygen. R0 is the single atom bond radii, θ0 is the natural bond angle, and Z0 is the effective charge, which are all used to estimate bonding terms. σ is the location of the repulsion potential and ε is the depth of the potential well, which are used to estimate non-bonded interactions with a Lennard Jones potential. For the low-magnification image (Fig. S5a-c and Fig. S5e) , the Titan was operated at 300 keV while for the higher magnification images, (Fig. 3n-q, Fig. S5d and S5f) the ARM was operated at 200kV. All images were acquired in the high angle annular dark field (HAADF)
or Z-contrast imaging mode, making them extremely sensitive to the presence of Zirconium atoms. In general, all images were acquired under the lowest dose conditions needed for the sample to be stable and to provide the resolution shown in the images (determined onthe-fly during the experiment). The samples were prepared for the STEM by embedding in resin and microtoming, with the sample slices being supported on standard holey carbon films. The UV-vis spectra were recorded on a Beckman Coulter DU 640 spectrophotometer.
Supercritical CO2 drying (SCD) was performed with a Tousimis™ Samdri® PVT-30 critical point dryer. The samples for contact angle measurements were prepared by adding the dry samples to double faced copper tape and pressed with 400 kg of pressure for 2 seconds. Transmission electron microscopy (TEM) images were taken with a Hitachi 8100 microscope (Japan) operating at 200 kV. For TEM measurements, the samples were dispersed in ethanol and then dried on a holey carbon film Cu grid. Proton nuclear magnetic resonance ( 1 H NMR) spectra and carbon nuclear magnetic resonance ( 13 C NMR) spectra (Fig. S11-S19 ) were recorded on a Bruker DRX500 (500 MHz) spectrometer at IMSERC Zetasizer Nano ZS (Fig. S10 ). Samples were prepared in 18.2 MΩ deionized water at a concentration of 0.1 mg/mL and sonicated for 15 min.
Pore size distribution calculation. The pore size distributions (PSD) were calculated using the two-dimensional non-local density functional theory (2D-NLDFT) model for gas adsorption in corrugated cylindrical pores. For the calculation of theoretical argon adsorption isotherms (kernel) that constitute our argon adsorption model we applied Tarazona's version 2 of the NLDFT modified for the two dimensional description of pore structure 3, 4 . In this model, the pore wall potential is calculated by the numerical integration of the Lennard-Jones (LJ) potential over the surface of a pore wall. The effect of axial pore corrugation is obtained by assuming that the pore radius varies periodically along the pore axis. The PSDs analysis of studied MOF samples were obtained by fitting the 2D-NLDFT model to the argon adsorption isotherms measured at 87 K (Fig. S4 and Fig. S8 ). The fitting process was performed using SAIEUS 5 program that provides stable and regular solutions for the distribution functions.
In silico construction of structure of NU-100x (x = 4, 5, 6, 7). The structural model of NU-100x (x = 4, 5, 6, 7) was built using our in-house ToBaCCo code, 6 which follows the so-called reverse topological approach. 7 white solid (7.95 g) was collected by vacuum filtration, dried under vacuum, and used without further purification. In a 250 mL round bottom flask, a suspension of the white solid, 2-3 mL conc. H2SO4, and 100 mL EtOH was refluxed for 6 h. After cooling down to room temperature, the reaction was diluted with 1 M aq NaOH, then extracted with EtOAc 3x. The organic layers were combined, dried over MgSO4, then concentrated under reduced pressure. The residue was purified by flash chromatography using a gradient from 100%
hexanes to 5% ethyl acetate in hexanes to yield a white solid (7.04 g, 68% yield). 
(E)-ethyl 4-(4-bromostyryl)benzoate (4):
In a 250 mL round bottom flask, a suspension of 4'-bromostilbene-4-carboxylic acid (1.00 g, 3.3 mmol), 2-3 mL conc. H2SO4, and 100 mL
EtOH was refluxed for 6 h. After cooling down to room temperature, the reaction was diluted with 1 M aq NaOH, then extracted with EtOAc 3x. The organic layers were combined, dried over MgSO4, then concentrated under reduced pressure to give a white solid (1.02 g, quant.). This compound is known and matches the reported spectroscopic data. samples were soaked in absolute ethanol, while replacing the soaking solution 6 times/day for 3 days. After soaking, the ethanol-containing samples were placed inside the supercritical CO2 dryer and the ethanol was exchanged with CO2(liq.) over a period of 8 h.
During this time the liquid CO2 was purged under positive pressure for three minutes every two hours. The rate of venting of CO2 (liq.) was always kept below the rate of filling so as to maintain a full drying chamber. Then the chamber was sealed and the temperature was raised to 38 °C (i.e., above the critical temperature for carbon dioxide), at which time the chamber was slowly vented over the course of 25 h at a rate of 0.1 cc/min. The SCDactivated NU-100x (x = 3, 4, 5, 6, 7) material was evacuated under dynamic vacuum (10 -5 torr) at room temperature for 7 h, at 30 º C for 60 min, at 50 º C for 60 min, at 70 º C for 60 min, and then at 80 º C for 15 h before Ar isotherm measurements. After Ar measurements, the activated MOF sample was then stored inside an inert-atmosphere glove box until further experiments.
Leaching test. We first soaked LDH@NU-1007 in BTP buffer solution for 30 min, isolated the LDH@NU-1007 by centrifuge, and then measured the activity of the supernatant solution. The result indicates that the leaching of enzyme is negligible during the course of catalytic reaction.
